The aim of this paper is to study the bending properties of tail flukes of a dolphin. The bending test was carried out to obtain the displacements on different test points of a fluke. The Young's moduli of the ligamentous layer and the dense connective tissue in the flukes were obtained from the tensile test and the compression test. In order to establish an FEM model for bending deformation of the flukes, the thickness of the flukes was measured with two laser displacement sensors, and the thickness of the ligamentous layer was also measured. The displacements obtained by the simulation of the FEM model were compared with those of the bending test of the experiments. It was found that the model could be helpful to investigate the relationship between the hydrodynamic force acted on the tail flukes of a dolphin and the deformation of the tail flukes.
Introduction
A dolphin is characterized as a high speed swimmer (1) . The high speeds of dolphins were reported in many literatures such as Delphinus delphis 10.3m/s (2) , Stenella attenuata 11.1 m/s (3) , Tursiops gilli and Tursiops truncatus 8.3 m/s (4) , 6.01mm/s (5) . The extraordinary speed had brought a famous paradox so-called "Gray's paradox" that dolphins can swim at the speed higher than the value estimated from both of the muscle power and the frictional drag received by the fluid flow around the animals (2) . The paradox is not yet solved in spite of numerous investigations into the drag minimization of swimming dolphins from various viewpoints such as the streamlined body shape, viscous dampening (6) , dermal ridges (7) and boundary layer heating (8) .
The dolphins generate thrust when water is pushed in the direction opposite to swimming by oscillating their tail fins vertically. Thrust is generated as a component of hydrodynamically derived lift force (9) . The thrust is the key to understand the kinetic properties of dolphins, but it is unable to measure the thrust of a swimming dolphin directly.
The tail fin of a dolphin is considered to play an important role in its high speed swimming. Due to the absence of the fin rays in the tail flukes of dolphins, the dolphins can not control the shape of their flukes like some fishes which can control their caudal fin complicatedly by controlling each fin ray. The deformation of the tail flukes of a dolphin was driven by the hydrodynamic force imposed upon the flukes.
We aimed to estimate the thrust of a dolphin by using the relationship between the deformation of the tail fin and the hydrodynamic force on it. This study can be a tentative study to investigate the relationship between the deformation of the tail fin and the force on it.
In this paper, the bending properties of the tail flukes of a dolphin were investigated by a bending test apparatus made by ourselves. The thickness of the flukes of a bottlenose dolphin was measured by two laser displacement sensors. Among the tissues that compose the tail flukes of a dolphin, the ligamentous layer and the dense connective tissue account for almost all of the tissue in the flukes. The thickness of the ligamentous layer in the representative points was also measured. It was found that the thickness of the tissues showed a near linear relationship to the thickness of the fluke in the same points. A model for bending deformation of the tail flukes of a dolphin was established. The results of simulation were compared with those of the bending test. The model could be helpful to investigate the relationship between the hydrodynamic force on the tail flukes of a dolphin and the deformation of the flukes.
Method and Results of Experiment
Two tail fins of common bottlenose dolphins (Tursiops truncatus) were used in this study. They were stored at -20ºC until required for testing. The spans of the tail fins were about 520mm and 720mm respectively.
The experiments about the tail fluke did not violate the animal ethics in accordance with Shinshu University animal ethics guidelines.
Morphological Measurements
The morphological data was necessary for building the model of the fin. The fluke was composed of a black rubber-like cutaneous layer, a very thin subcutaneous blubber layer, a ligamentous layer, a series of blood vessels and a core of dense connective tissue (10) . We measured the thickness of the fluke and the thickness of the ligamentous layer, and investigated the orientation of the collagen fiber bundles in the ligamentous layer. In order to investigate the distribution of thickness of tail flukes of dolphin, the flukes were scanned with two laser displacement sensors (KEYENCE LK-G150) along the body axis at an interval of 10mm. The contours lines were made basing on the measurements of the thickness of the fluke (T F ). The scanning paths were shown in Fig.1 . The thickness of the ligamentous layer (T LL ) in the representative points was measured. We took the average value of three repeated measures as the exact thickness value. The sampling points were also shown in Fig.1 . The thickness of the fluke (T F ) and the thickness of the ligamentous layer (T LL ) were defined in the cross-section of the fluke of a dolphin (Fig.2) . The relationship between the thickness of the ligamentous layer (T LL ) and the thickness of the fluke (T F ) in the corresponding points were investigated by a correlation analysis. The ligamentous layer was composed of collagen fiber bundles, so it was an anisotropic material obviously. We should investigate the orientation of the collagen fiber bundles which may help us to establish the material coordinates. We sliced off the black rubber-like cutaneous layer and the thin subcutaneous blubber layer and observed the orientation of the collagen fiber bundles. The orientation of the collagen fiber bundles were given by the orientations of a series of characteristic collagen fiber bundles. The fiber bundles lay at an angle to the body axis. Figure 5 indicated the orientation of characteristic collagen fiber bundles. The angle ranges from 73º near the leading edge to 40º near the central trailing edge. Most of the collagen fiber bundles lay at angles 60º -70º. In this study, we took the orientation of the collagen fiber bundles that lay at average angle about 65º to the body axis as the Y axis of material coordinates system. The direction perpendicular to the Y axis in the plane of the fluke was defined as the X axis, and the thickness direction was defined as the Z axis.
Mechanical Measurements
Tensile and compression test Fig.6 . Tissue samples for tensile and compression tests.
The fluke was composed of a black rubber-like cutaneous layer, a very thin subcutaneous blubber layer, a ligamentous layer, blood vessels and a core of dense connective tissue. The cutaneous layer was very thin and had a weak strength. There were only four blood vessels in the cross-section of tail fluke. They accounted for a very small part of the cross-section compared with ligamentous layer and dense connective tissue. We neglected the effect of the cutaneous layer and the blood vessel in this study. The mechanical properties of the ligamentous layer and the dense connective tissue were investigated by the tensile test and the compression test. Figure 6 shows the tissue samples for the tensile and compression tests. A typical strain-stress curve for a soft tissue had a nonlinear beginning which was called as the "toe" region. The "toe" region was usually the physiological range in which the tissue normally functions (11) . In many models of soft tissues, the moduli used were calculated from the stress-strain relationship in the linear region. They paid little attention on the toe region, nevertheless, this region was thought as the physiological range in which the tissue normally functioned (11, 12) .
The tensile S-S curves of the samples of the ligamentous layer and the compression S-S curves of the samples of the dense connective tissue were given in Fig.7 . The moduli of the main two tissues in the "toe" region, especially at the beginning of the stress-strain curves, were obtained from the both tests (Table 1) . The bending test for whole tail fluke was carried out by using an apparatus made by ourselves shown in Fig.8 . The apparatus contained four units as follows; a frame, a clamp unit, a loading and measuring unit, and a movement unit. The clamp unit contained two same parts which held the tail flukes by two sets of screws. The loading and measuring unit consisted of a screw to give the fluke a deflection, a laser displacement sensor to measure the deflection and a load cell to measure the load acting on the fluke. And the movement unit contained three groups of linear motion guide which enabled the loading and measuring unit to move to different measuring points. The tail flukes were held by the cramp. The measuring unit was moved to a test point (Fig.9) , and then the tail fluke was pressed by driving the screw. When the reaction force measured by the load cell reached to the value of 10N, we measured the displacement by the laser displacement sensor. In Fig.9 , we took 18 test points in the area between the positions with spanwise distance of 120mm and 270mm. Red points lie with a distance of 50mm from the leading edge. Blue points lie at the center of the chords. Black points lie with a distance of 50mm from the trailing edge. Hereafter the test points are called leading edge point, central point and trailing edge point for short respectively. were given. With the increase of the distance between the test points and the body axis, the deflections increased. The deformations for the leading edge points were lower than those for the trailing edge points and the central points. Figure 11 showed a model of layers composite material. The moduli of the tissue which had a sandwich structure (Fig.11 (a) ) were calculated from the muduli and the thicknesses of the tissues. In this study, we considered that the top ligamentous layer was affected by the tensile stress in X and Y directions, the top ligamentous layer was affected by the compressive stress in Z directions, and the central dense connective tissue received the compressive stress in the X and Y directions. So we took the tensile modulus as the modulus of the top ligamentous layer in the X and Y directions and the compressive modulus as the modulus of the dense connective tissue in the X, Y and Z directions. It is difficult to measure the compressive modulus of the ligamentous layer because of its small thickness. We took the compressive modulus of the dense connective tissue as the modulus of the bottom ligamentous layer, and then the sandwich structure became two layers structure ( Fig.11 (b) ). Equations 2 and 3 showed the methods to calculate the equivalent moduli of the two layers composite material. 
Fin Model
Where E k is the modulus of the layer k, Z k is the displacement between the center of the cross-section of the layer k and the neutral axis, A k is the area of the cross-section of the layer k, I k is the second moment of area of the layer k.
By Eqs.2 and 3, we could express the equivalent modulus E as follows.
By Eq.1, we could calculate the values of T LL / (T F -T LL ). The values in the position with different fluke thicknesses T F were given in Fig.12 . We found that the values of T LL / (T F -T LL ) decreased slowly when the fluke thickness was over 10mm. Because the thicknesses of most part of the tail fluke were over 10mm, we considered the value of T LL / (T F -T LL ) as a constant approximately. In this paper, T LL / (T F -T LL ) =0.168 when T F =25mm. E 1 was the Young's moduli of the ligamentous layer, and E 2 was the Young's moduli of the dense connective tissue. E 1 and E 2 in Table 1 were also constants. Then the independent
variables of Eq.4 were all constants, so we could think that the moduli of tissue in the tail flukes were constants, that is, the tissue in the tail flukes could be considered as a uniform material. We made the model the tail fluke of dolphins using the software ANSYS 9.0. The coordinates of the model, the meshes and the constraints condition of the FEM model were also shown in the sketch of the tail fluke model (Fig.13) . The chordwise, spanwise and thickness directions were defined as the X, Y and Z directions of the model respectively. We used the Solid 64 element to express the anisotropic material property of the tissues. We meshed the central part and the flukes all by tetrahedron elements. The model totally contained 2569 nodes and 11258 elements. The displacements in the X, Y and Z directions were defined as the UX, UY and UZ respectively. The tail fluke was constrained in three directions as UX=0, UY=0 and UZ=0 at the position Y=60mm as the bending test.
The displacement of the tail fluke of a dolphin was investigated by the model. A point force P=10N was applied on the corresponding test points of the bending test for an example. The results of bending tests on finite element model of the tail fluke of a dolphin were obtained. Figure 14 showed that the contour graph of the displacement from the original position in the Z direction in this case that a point force of 10N was applied on test points in the positions spanwise 150mm and 240mm from body axis.
When the point force was applied on the leading edge points and trailing edge points, it brought torsional bending deformations clearly, but the press applied on central point didn't bring so much torsional deformation (Fig.14) .
The results of simulations were compared with the corresponding bending test (Figs. 15(a), 15(b) and 15(c)). In Fig.15 , we found that the simulation results on the leading edge points and central points were close to the experimental results compared with that in trailing edge. Although the curves of the simulation data and the experimental data had similar shape, there was a discrepancy between them obviously. The fluke thicknesses in the trailing edge point were lower usually. As shown in Fig.12 , when the fluke thickness was low, the value of T LL / (T F -T LL ) changed dramatically. So the mechanical parameters of the tissue in these positions were different from those in other positions probably. The discrepancy may be brought by this reason.
We also found that the simulation results were higher than the deformations measured in bending test for all the simulations. In the simulation the press was a real point force, but in bending test the point force was not. To avoid impalement and damage to the fluke, the press was applied by a round end cylinder with a diameter of 9mm which would reduce the deformation. This may contribute to the lower deformation.
Conclusions
In this paper the morphological data and the mechanical properties of the tissues in the tail flukes were investigated. The FEM model of the tail fin was established to research the bending properties of the tail flukes of a dolphin. The results of simulation were compared with that of the bending test.
The morphological data of the tail fin showed that the cross-section of the tail flukes parallel to the body axis showed a streamlined shape, the thickness of the tail flukes near the leading edge change greatly while the thickness of the tail flukes near the trailing edge decreased slowly; The thickness of the ligamentous layer (T LL ) had a linear relationship with the fluke thickness (T F ); The fiber bundles in the tail flukes laid at an angle to the body axis. The angle ranged from 73º near the leading edge to 40º near the central trailing edge.
By the tensile test and the compression test, we obtained the Young's moduli of the tissues in the tail flukes. The ligamentous layer had a high Young's modulus and the dense connective tissue had a high compression modulus in the Y direction of the material coordinates we set.
By the bending test, the displacements on different test points in the case a point force of 10N was applied were obtained. The point force applied on the leading edge points and trailing edge points brought torsional bending deformations, but the force applied on central point didn't bring so much torsional deformation.
A model of the tail fluke was made to investigate the bending properties. The simulation results on the leading edge points and central points were close to the experimental results compared with that in trailing edge.
By this study, we knew the relationship between the deformation and a point force applied on the tail flukes. The experimental results also validated the established model. The model can be helpful to understand the relationship between the deformation of the tail flukes and the force on them.
The FEM model established in this paper just a tentative example of a simple bending test by point forces. In the model, the tissues in the tail fluke were considered as a uniform material roughly; the different orientations of the collagen fiber bundles were neglected; the press on the tail fluke of a swimming dolphin was not a point force as applied in the bending test, although it is still unknown. In the future we will improve the model and investigate the deformation of the tail fin of a swimming dolphin. And then we will use the model and the observed deformation of the flukes to estimate the thrust of a dolphin.
